Recent photoluminescence results obtained for homoepitaxial GaN layers are presented. Dominant photoluminescence structures observed for these layers can be assigned to excitons bound to neutral impurities. Different methods such as temperature dependent evolution, high magnetic field and time resolved spectroscopy have been used to study the exciton line properties. For the p-type samples sharp lines are observed, assigned to the donor-acceptor recombination for differently distant pairs. The analysis of the optical transitions related to donors and acceptors is in reasonable agreement with the effective mass approximation. Electron phonon interaction was found to strongly affect the optical properties of GaN. The dominant intrinsic defect has been identified as a donor located at a nitrogen site.
Introduction
Gallium nitride is one of the most promising materials for potential applications in short wavelength optoelectronics and high temperature devices. The basic physical knowledge about this material is still not satisfactory. Fundamental studies are limited by the unsatisfactory quality of the samples. The major problem that has slowed down the development of technology was the lack of good quality, lattice matched substrates for MOCVD epitaxy. Homoepitaxial GaN MOCVD layers have been grown only recently [1, 2] . GaN monocrystal plates, which were used as substrates, were grown from a dilute solution of atomic nitrogen in liquid gallium at a temperature of 1600°C and a nitrogen pressure of about 15-20 kbar [3] . Crystals grown by this method are in the form of platelets with the hexagonal c [0001] axis perpendicular to the surface. The growth of GaN single crystals and the properties of homoepitaxial layers were reported in Refs. [4] and [5] . The stress in such MOCVD layers is small (Δc/c < 2 x 10-4 ), as verified by X-ray measurements [6] . Luminescence and reflectivity results [7] reveal their good optical properties. Optical studies of such samples give new insight into the band energy structure and the nature of the impurities which dominate the optical properties of this material.
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Basic properties of Gan
Gallium nitride is a IIl-V compound that crystallises in the wurtzite structure with the lattice parameters (relaxed homoepitaxial layer at 300 K): α = 3.1878(3) Α and c = 5.1850(2) Α [6] . The ratio c/α = 1.6265 is very close to the value of an ideal wurtzite structure (c/α) id = 8/3 ti 1.6330. The Ga-N distances are of equal length and only the bond angles deviate from the values for a regular tetrahedron [8] . It has been demonstrated [9] that an epitaxial metastable zinc-blende structure β-GaΝ, with a lattice constant of α 0 = 4.511 Α [6] , can also be grown. One can notice the same interatomic distances found for both phases (within experimental error α√2 α0 = 1). The generally accepted band structure of cubic [10] and hexagonal [11] GaN has been confirmed by spectroscopic elipsometry studies at photon energies up to 25 eV [12] .
Γ.2. Free exciton structure
Both in the zinc-blende and the wurtzite structure, GaN is a direct band gap semiconductor. The optical energy gap Ε0 for the cubic phase is determined by the free exciton built from a free electron from the Γ 6 conduction band and a free hole from the 8 valence band. Ε0 was found to vary from Ε 0 = 3.302(4) eV at 10 K to 3.231(8) eV at 300 K, and the spin-orbit splitting between the 8 and Γ7 valence bands was determined to be Δ0 = 17(1) meV [13] .
For GaN in the wurtzite structure, the crystal fleld splitting removes the heavy-light hole degeneracy of the 8 band. It is generally accepted that the Γ 9 valence band is located on top, as in CdS [19] . Three excitons A, B and C (Fig. 1) , which correspond to the split valence bands of Γ9 , Γ7 and Γ7 symmetries, can be observed in reflectivity, and can give rise to photoluminescence*.
For GaN homoepitaxial layers it was found that ΕA varies from 3.4776(3) eV at 4.2 K to 3.412(1) eV at 300 K [15] . At low temperature B and C excíton lines were found at energies EB = 3.4827(3) eV and EC = 3.5015 (20) eV. The relation *The observation of the exciton C in photolumincence was reported in Ref. [18] .
between the valence band energies for the wurtzite structure is described by the following equation [16] : where Δ 1 -crystal field, Δ2 and Δ3 -parallel and transverse spin-orbit splitting parameters, and Ε1 , Ε2 , Ε3 correspond to the Γ9, Γ7 and Γ7 bands, respectively.
It is impoSsible to eStimate Δ I , Δ2 and Δ3 only on the basis of the observed splittings. As it was mentioned above, GaN has an almost ideal wurtzite structure, and therefore the quasi-cubic model [16] can be used to approximate the valence band structure. Within this approximation where Δcr -crystal field and Δso -spin-orbit splitting.
Neglecting the possible differences in the A , B, C exciton binding energies, one can obtain the following values for stress free, homoepitaxial GaN: = 9.3(3) meV and Δ so = 19.7(1.5) meV [15] .
Most of the published data has been obtained using good quality GaN epitaxial layers grown on sapphire or SiC substrates using MOCVD, HVPE or MBE technologies. Due to the large lattice mismatch between the substrate and GaN layer, the optical properties are affected by the strain present in such samples [17, 18] . The binding energy of exciton A in GaN has been experimentally estimated to be Εx = 26.7 meV [18] , which (surprisingly in Ref. [19] the electron effective mass (polaron mass) m* = 0.19 was used) is in good agreement with theoretical predictions of (27.7 meV) [19] . Using this value, the low temperature energy gap of GaN Eg = 3.504(1) eV can be derived.
Shallow impurities within the effective mass approximation
The conduction band electron effective mass (polaron mass) has been determined by cyclotron resonance experiments [20, 21] : m*e = 0.22. The binding energy of the shallow hydrogen-like donor can be predicted (in the weak electron-phonon interaction limit) to be ED = 31.8 meV. However, taking into account the value of the electron-phonon coupling constant αe = 0.44 [22] , which locates GaN close to the intermediate interaction range, the textbook formula [23] gives ED = 65 meV. For the effective mass ratio m*h /m* e = 3.4 (m*h = 0.75 was taken after Ref. [18] ) the binding energy of the exciton bound to the neutral donor complex can be estimated [24] to be Ε D = 0.12Ε = 3.8 meV or 7.8 meV, respectively.
In the case of acceptor-related complexes, one should take into account more accurately the complicated valence band structure, since ΕBA » ^^r ßso. In the crude approximation for a free hole with a polaron mass value m*h = 0.75 one can estimate the electron phonon coupling constant to be equal to αj = 0.77. Since αh > 0.5, it is rather the intermediate range of electron-phonon interaction which should be applied, leading to the acceptor binding energy [23] ΕBA 210 meV (the weak coupling limit gives 110 meV). The binding energy of the exciton bound to the neutral acceptor can be obtained [24] as Ε Α = 0.06E12 = 12.6 meV. One can see that to describe the shallow impurities in GaN a proper treatment of the electron-phonon interaction is crucial. In the case of acceptors also the valence band structure has to be taken into account. To the best of our knowledge, such an analysis has not been yet performed.
Experimental results
Luminescence in the exciton region of homoepitaxial Gan
Luminescence and reflectivity in the exciton region of undoped homoepitaxial GaN layers (discussed in detail in Ref. [7] ) is shown in Fig. 2 . The low temperature spectrum is dominated by two strong and narrow lines: XD and ΧΑ at energies ExD = 3.4719 eV and EXA = 3.4666 eV. Τhe FWH t of these lines are about 1.8 meV and 1.0 meV, respectively. The absolute values of the optical transition energies discussed in this paper are slightly sample dependent (within the range of 1 meV), however, the separation between the particular lines remains constant.
The ΧΑ line is assigned to an exciton bound to a neutral acceptor (see below). The higher energy XD line for this sample shows a double peak structure which is well fitted with Lorentzian curves (Fig. 2) , giving the following peak parameters: Ε1 = 3.4711 eV, Ε2 = 3.4720 eV, Γ1 = Γ2 = 0.7 meV. The relative intensities of these lines are different for different samples. We have assigned these lines to excitons bound to neutral donors. The ΧΑ line dominates the luminescence spectrum for p-type homoepitaxial layers doped with magnesium [25] .
The binding energy of the acceptor bound exciton complex Ε BχΑ = ΕA -ΕΧΑ = 11.4(5) meV is in reasonable agreement with the theoretical estimation [24] (see Sec. 1.3). Τhe value of the donor bound exciton localization energy Ε D = ΕA -E XD = 6.0(5) meV is also located in the estimated range.
The origin of the weak line α (Fig. 1) is not clear. It can be associated with a donor bound exciton formed with the participation of a hole from the deeper Γ7 valence band [7] . Due to the small splitting of the valence band, smaller than the optical phonon energy, the nonradiative relaxation from this state is strongly suppressed. Two lines related to exciton B: free and bound to the neutral donor, can be observed in luminescence.
In Ref.
[18] line a is ascribed to an exciton bound to another neutral donor. For such a donor one should have a positive, instead of a negative, central cell correction.
Luminescence in high magnetic fields
Magnetoluminescence has been measured at the High Magnetic Field Laboratory in Grenoble in a magnetic field up to 14 T in the helium temperature range [26] . In the Voight configuration, with a magnetic field perpendicular to the hexagonal axis (B 1 c), a splitting of the ΧΑ and XD lines occurs (Fig. 3) . With increasing magnetic field strength the intensity of the high energy component of line ΧΑ decreases, whereas the components of the XD line remain almost unchanged. In a magnetic field perpendicular to the c axis, the initial state of the exciton bound to the neutral donor does not split [27] . The splitting observed in luminescence is caused by the splitting of the final state (neutral donor), and depends on the g value for the electron in the conduction band. In this case one cannot expect any differences in the intensities for two Zeeman split components. For the exciton bound to the neutral acceptor the opposite situation is true: the splitting occurs for the initial state involved in the luminescence and different occupations of the split components occur. Thus, a decrease in the intensity of the high energy component of the split line is observed. The dependences observed for lines ΧΑ and XD (Fig. 3) allow us to interpret them as the recombination of the exciton bound to a neutral acceptor and the exciton bound to a neutral donor, respectively.
For the magnetic field B 1 c the exciton line splitting should be related, in the first approximation, to the spin splitting of the conduction band [27] . The splitting of the observed lines is different for ΧΑ and XD (Fig. 4) . The linear approximation of the observed splitting allows us to evaluate the effective g*-factors: g*XD = 1.708 ± 0.025 and g*XA = 2.040f0.015, respectively, for the exciton bound to the neutral donor and acceptor.
At low magnetic fields, the g*-factor in GaN was estimated from the ESR [28] and ODMR [29] experiments. Our high fleld estimation of g*XD = 1.71 is smaller than the value g,* = 1.95 obtained from the ESR and ODMR measurements. From the Zeeman effect on the exciton bound to neutral acceptor we obtain g = 2.04. Increased values of the g*-factor for deeply bound excitons were also reported in ODMR studies [29] .
For the magnetic field parallel to the c-axis, the Zeeman splitting of bound excitons is too small to be detected. By analogy to the case of CdS [27] , this can be understood as a result of the opposite Zeeman contribution in the conduction and the valence bands which almost exactly cancels the spin splitting of excitons.
Temperature dependence of the bound exciton luminescence
The temperature dependence of the luminescence spectrum in the exciton region is shown in Fig. 5 . In spite of the fact that the ΧΑ line is at a larger distance from the free exciton than XD, this spectrum disappears first (above 40 K). The observed behaviour can be understood by taking exciton kinetic processes into account. Time-resolved photoluminescence experiments were performed on Mg doped GaN homoepitaxial layers [30] . It was found that the XD and ΧΑ lines show a decay time of about 90 ps and 700 ps, respectively. At higher temperature (35 K) the whole edge part of the photoluminescence has the same decay time as the free exciton emission. It has been postulated that temperature induced tunnelling from a neutral acceptor bound exciton to the donor bound one, as well as to a free exciton, takes place and allows a much faster exciton decay. As a consequence of this process, the DC photoluminescence intensity of the ΧΑ line rapidly decreases [31] with increasing temperature.
Donor accepor pair recombination
For p-type homoepitaxial layers doped with magnesium, in addition to the strong excitonic structures XD and ΧΑ, there is also a group of lines close to 3.4 eV. This luminescence spectrum consists of more than 20 sharp lines of half width close to 1 meV (see Fig. 6 ). Discrete lines from the lower energy side are superimposed on the slope of the broad peak located at an energy of 3.266 eV. The middle part of the spectrum is affected by the LO phonon replica of exciton luminescence (see Fig. 6 ). By subtracting this additional structure it is possible to obtain a "pure" spectrum connected with donor-acceptor pair transitions [25, 32] .
The energy released as a photon when a hole on an acceptor recombines with an electron on a donor is approximately (neglecting the van der Waals interaction) where Eg , ED and ΕA are the energy gap, the donor and the acceptor ionization energies, respectively, ε0 is the static dielectric constant and Rn is the donor-acceptor separation. The attractive Coulomb interaction between the positively charged donor core and the negatively charged acceptor core, created after recombination, increases the energy of the transition by the last term of expression (4) . The plot of the energy of the donor-acceptor transitions Εn versus 1/Rn should give a straight line with a slope determined by the static dielectric constant. Further information which may be obtained from this plot is the sum of the isolated donor and.acceptor energies, which is determined by the limiting value of Εn for Rn --ł οo. By fitting a straight line to the experimental data a value of the static dielectric constant equal to 9.6(1) and the limiting energy value of En = 3.210(10) eV were obtained [25] . Assuming that the band gap energy Eg = 3.504 (Sec. 1.2), the sum of the isolated donor and acceptor binding energies of 294(10) meV can be obtained. The result of intensity calculations [25] is shown in Fig. 6 . The line with the highest energy corresponds to a donor-acceptor separation equal to 7.13 Α. The best fit was obtained for the socalled type II spectra, when one impurity occupies a Ga site and the other an N site. Assuming that Mg occupies Ga lattice sites, donors involved in the pair spectra should be located on N sites. Such a result is in agreement with the assumption that a nitrogen vacancy is the main native shallow donor in GaN [33] . Temperature studies of the luminescence spectra reveal that in addition to donor-acceptor pair spectra it is possible to resolve the direct conduction band to acceptor emission. This observation allows us to estimate separately the ionization energy of the residual donor present in homoepitaxial layer at 55(15) meV and of the Mg acceptor at 235(15) meV [32] .
Conclusions
Recent progress in homoepitaxial growth of GaN layers by MOCVD technology gives an access to high quality, almost stress free samples. Such samples have been used to study the basic optical properties of GaN. It has been found that luminescence spectra are dominated by bound exciton recombination. For magnesium doped homoepitaxial layers donor-acceptor pair spectra have been observed for the first time in GaN. The dominant intrinsic defect present in homoepitaxial layers has been identified as a donor located at the nitrogen site and can be related to the nitrogen vacancy. The donor and acceptor binding energy, as well as the binding energy of the excitons localised at these centres, are in reasonable agreement with the effective mass approximation, including the electron phonon interaction. A more accurate analysis, taking into account the complex valence band structure and electron-phonon interaction should be performed to make a detailed comparison between experimental results and theoretical predictions possible.
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